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(54) METHOD OF ARC WELDING WITH REVERSE SIDE 
COOLING FOR OBTAINING HIGHLY TOUGH 
LARGE-DIAMETER WELDED STEEL PIPES 

(71) We, NIPPON KOKAN KABUSHIKI KAISHA, a corporation 
organized under the laws of Japan, of 1-2 Marunouchi-l-chome, Chiyoda-ku, 
Tokyo, Japan, do hereby declare the invention, for which we pray that a patent 
may be granted to us, and the method by which it is to be performed, to be 
particularly described in and by the following statement:— 5 

t w a mvention re,at , es t0 a method of welding seam portions of a pipe 
fashioned from a steel plate. F v 

,ff ^!} en weld j n 8 a,on .« a sea™ Iin e of a pipe fashioned from a steel plate, the heat 
affected zone (hereinafter abbreviated occasionally to HAZ) will become brittle 
due to marked formation, in the course of the welding heat cycle, of an upper 10 
parent metaf nCmty a bond or ^""i^on zone between the weld metal and 
Such brittleness of the heat affected zone is undesirable especially when a low 
h£5^? l°^ u? S "i excess ° f a Predetermined value is a requirement. It is 
15 believed that high toughness of the weld metal may not be realized due to is 
formation of the proeutectoid ferrite. An accepted practice is to cool the heat 

S™Jt Z °T e dU " ng ^ eWing o }V h l case of submerged arc welding, hereinafter 
abbreviated occasionally as SAW, the cooling of the weld or weld joint may be 
caused by spontaneous cooling of the weld zone surrounded by the fluxes 

20 dissipation of heat from the lower surface of the parent metal and the transfer of 20 
neat to the parent metal. Reliance on such spontaneous cooling solely gives rise to 
retarded coolmg of the weld surrounded by a thick layer of slags, thus the Charpy 
strength of the we d being lowered. Such tendency will be more noteworthy when 
the heat input is elevated. For this reason, a variety of cooling methods have been 

25 proposed for cooling the weld, including water cooling used in conjunction with 25 
vertical electro-slag welding. This method is however not applied to the case of 
submerged arc welding. It is also known to cool the weld surface with a mist after 
welding and subsequent to the flux removal. With such cooling, the start time of 

™ ™„nt!n m « y f a d f7 layed due t( > h y?"»copic properties of tie fluxes and the 

30 mounting of the flux recovery device between the cooling position and the 30 
electrodes Moreover, such cooling technique can not be used for cooling the 
inside weld of a large diameter pipe which has been welded on the outside by the 
preceding welding operation. 3 
In submerged arc welding, endeavors have been made to improve the 

35 i° u S hn « s of ™ he .at affected zone as by using fluxes of higher basicity or adding to 35 
the weld metals alloying agents such as nickel, molybdenum and titanium. It was 
also proposed to perform a so-called multi-layer welding at the sacrifice of welding 
efficiency or to add to the parent metal trace amounts of Ti, Al-B, Rare Earth 
Metal-B, Ti-Ca or similar combinations of alloying agents. Especially, higher notch 

40 toughness is required of the weld metal and the heat affected zone of large -40 
diameter pipes that are designed for the frigid zone such as Arctic Zone where the 
temperatures may fall to-25° to -40°C. It is a matter of great difficulty to satisfy 
the above requirement by using the currently marketed steel plates and welding 
wires at an acceptable cost. 

45 The in vention provides a method of arc welding a steel pipe formed by a steel 45 

plate bent into pipe shape with abutting ends, said method comprising welding a 
seam at the abutting ends by forming bead layers on opposite sides of a weld zone 
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Se< £ nd pasSe J Sl and <f ? cting the formation of the bead 
tayer of the weld zone dunng fte second pass while effecting forced cooling of the 
* e d nn z °" e fro ™ * e reverse side simultaneously, the forced cooling being effected 

800«r \1 IT? the r Wdd temp A ratu i re t0 800 ° C within 1 1 spends and from 
5 800 C to 500°C at a cooling rate of 8-^K)°C per second 5 

«™i w re - '2 we J dlng methods according to the present invention the forced 

^ ? g /r C T^ ° Ut f - 0m ^V^ e °PP° site to the gas-shielded arc or submerged 

t£ w l? cfT^ 11 of ^ e ou , t . side weld when ' for sample, the inner weld is 

u V U -F M r v forced coobn E ^ been ascertained to improve the 

10 f > e We L d metal througn oppression of the formation of the 10 

f,mnr«c- d ,tt and - concurrently the toughness of the weld through 
suppression of the formation of the upper bainite in the heat affected zone 
™«« toughness of both the weld metal and the heat affected zone will become 
P ronoun u ced b y usin e higher coohng rates for the forced cooling through the 

15 ranges from the maximum temperature to 800°C and from 800° to 500°C The 15 
wlzilT^wo^ of 15 t0 30 ° C P e r second for the cootol 

Si SftSE S 500 C is used in order to obtain high toughness for the welding 
metal and the heat affected zone. As coohng agent, water, liquid nitrogen or dry ici 

™ mn^fw! 1 ^ 10 ^ Wlt ^ in * e scope of the present invention. In water cooling the 

° ™«K« J ° f °°? mg the sooner me cooling - with forced circulation 20 

coohng by three nozdes with the total flow rate of 45 liters per minute, the coohng 

t^&P'i^fl* fr ° m 80 u 0 ° to 5000 f be carried out at a speed hree to 3 
times faster than the case wherein no forced circulation cooling is employed. With 

« mo/!'? 5 ,tr0ge ?l or drv . lc . e ' the cooling from the maximum temperature to 

SSlW P ^nt? S u Ually at ? blghe r ?Peed because of the precooling effects of these 25 
ihSaL^tft HoweV .f r ' the CO u 011 ? 8 rate from 800 ° t0 wffl be lower than 

tiUHiter^sr the heat exchange capacity of these cooiing agents 

^i™ 6 increased toughness of the weld metal to be attained by the reverse side 
coohng may be attributable to the retarded precipitation of coarse ferrites from the 
IVZ b ° w ary ^2 f f SUltin u g re r ining of the fc"ite ground, and to the increSe 
£ ^n? iP !f a H° n 5r the lower b ,T lte - In case of "S^S a star ting plate manufactured 

SiSSLff *? e Wdd mC , tal ° f the inside weld m ^ be ^creased in 
f }u a W* T T disappearance of the precipitation hardening 

&SS a ? by 7^K° f the s / c . ond we,ding at the outside accompanied by coolinl 
from the inside With use of the compensating welding wires, the toughness of the 
we d metal at the inner surface of the pipe may become lower than th\t measured 
at the intermediate zone or near the outer surface of the pipe. However such 
decrease in toughness at the inner surface may be hindered by increasing the rate 
of cooling. These changes in toughness in the direction of the pipe wall thickness 40 
may be compensated through suitable selection of the welding wires used for the 
respective welding passes. 

m«i2V n< ; ! !f aSCd to^bness of the heat affected zone is attained by promoting the 
4S that 2- ™k« fr K° m 9* maximum temperature to 800°C in such a manne? 
45 that the cooling through said range is completed within 1 1 seconds. The width of 45 
the coarse grain zone is thereby reduced and there is no formation of the coarsely 
grained preanstenitic crystals. Furthermore, by increasing the cooling rate for the 
temperature range from 800° to 500°C to 8°C/sec or more through thf reverse s de 
cooling, a higher toughness of HAZ is realized through suppression of the upper 

50 ^XL? n £&?£ 0iiOa ° f -ft l0W6r b u ai ^ e - ? n the other hand > ^ weld SetEd 50 
the heat affected zone will become harder for a faster cooling rate. For example 

riBh 000 ! ng rate whe , re the highest toughness may be attained, the hardness will 
reach a value almost close to saturation. From such consideration, the optimum 
T A° r *e temperature range of 800° to 500°C is 15°C per second or 
55 thereabouts Accordmg to the present invention, however, the upper limit of the 55 
cooling for the temperature range" of 800° to 500°C is selected to be 40°C per 
second where the toughness starts to be lowered under the so-called quenching 
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Further objects and advantages of the present invention will become more 
60 apparent from the following detailed description of the preferred embodiment and 60 
the accompanying drawings. 

Figs. 1(a) and 1(b) show a typical device designed for executing the inventive 
method, in side elevation and partial enlarged view, respectively 

65 to Ihe'ftSi ta52£r Vari ° US CXampleS ° f the reverse side co ' oling "cording 
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Figs. 3(a) is a diagram showing the cooling time required for the three test 
pipes to cool from the maximum temperature to 800°C for the spontaneous cooling 
and the various inventive reverse side cooling modes; 

Fig. 3(b) is a similar diagram for the temperature range from 800° to 5Q0°C; 
5 Fig. 4 is a diagram showing the welding heat input versus cooling time for the 5 

spontaneous cooling and the various inventive reverse side cooling methods; 

Fig. 5 shows typical cooling curves for steel test piece C by the conventional 
cooling and the inventive cooling; 

Fig. 6(a) is a cooling time versus toughness diagram chart for weld metal of the 
10 steel test piece A cooled by reverse side cooling through the range of the maximum 10 
temperature to 800°C; 

Fig. 6(b) is a similar chart but for the temperature range of from 800° to 
500°C; & 

Figs. 7(a) and 7(b) are the similar diagram charts to Figs. 6(a) and 6(b) for the 
15 steel test piece B; 15 

Figs. 8(a) and 8(b) are the similar diagram charts to Figs. 6(a) and 6(b) for the 
steeltest piece C; 

Figs. 9(a) and 9(b) are the similar diagram charts to Figs. 6(a) and 6(b) for the 
steel test piece D; 

20 Figs. 10(a) is a cooling time versus toughness diagram chart for HAZ of the 20 

steel test piece A for the temperature range from maximum temperature to 800°C; 

Fig. 10(b) is a similar diagram chart but for the temperature ranee from 800° to 
500° C; 

Figs. 11(a) and 1 1(b) are the diagram charts for the steel test pieces B and C 
25 similar to Figs. 10(a) and 10(b); 25 
Figs. 12(a) and 12(b) are the diagram charts for the steel test piece D similar to 
those shown in Figs. 10(a) and 10(b); 

Figs. 13(a) is a cooling time versus hardness diagram chart for HAZ and weld 
metals of the steel test pieces A, B and C and for the temperature range from 
30 maximum temperature to 800° C; 30 

Fig. 13(b) is a similar diagram chart but for the temperature range from 800° to 
500°C; 

Fig. 14 is a diagram chart showing the distribution of hardness through the 
inside and outside weld metals for the steel test piece B; 
35 Fig. 15(a) is diagram chart showing the distribution of hardness through the 35 

inside and outside weld metals for the steel test piece B in the case of conventional 
welding with spontaneous cooling; 

Fig. 15(b) is a similar chart to Fig. 15(a) but in the case of 3 nozzle water 
cooline with forced circulation; 
40 Fig. 16(a) is a cooling time versus hardness diagram chart in the case of the 40 

reverse side cooling for the HAZ and the weld metal of the steel test piece D for the 
temperature range from the maximum temperature to 800 °C; 

Fig. 16(b) is a similar chart to Fig. 16(a) but for the temperature range from 
800° to 500° C; 

45 Fig. 17(a) is a photo showing the microstructure of the coarse grain zone of the 45 

HAZ of the test piece A obtained by conventional welding with spontaneous 
cooling; 

Fig. 17(b) is a similar photo but showing the same portion of the test piece A 
obtained by the inventive welding with reverse side cooling; 
50 Figs. 18(a) and 18(b) are the photos similar to Figs. 17(a) and 17(b) but for the 50 

same portion of the test piece B; 

Fig. 19(a) is a photo showing the microstructure at the outer surface of the 
weld metal of the test piece B obtained by conventional welding; 

Fig. 19(b) is a similar photo to Fig. 19(a) for the same test piece B but obtained 
55 by the inventive welding with reverse side cooling; * 55 

Fig. 20(a) is a diagram chart showing the cooling time from the maximum 
temperature to 800°C plotted against length of the coarse grain zone of the HAZ 
for the test pieces A, B, C and D; 

Fig. 20(b) is a similar chart to Fig. 20(a) but showing the cooling time from 
60 800° to 500°C; 60 

Fig. 21 is a diagram chart showing the toughness distribution of the inside weld 
in the direction of the weld thickness with use of different and same welding wires 
for the inside weld; and 

Fig. 22 is a diagram chart showing the hardness distribution through the inside 
65 and outside weld metals in the direction of thickness for the test piece C obtained 65 
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by conventional SAW with use of same inside wires and the same test piece 
obtained by inventive SAW with use of same inside wires. 

In Fig. 1(a), a steel pipe 2 conveyed axially on transport rollers 72 has been 
welded previously along a longitudinal seam line from the inside and is to be 

5 welded at a welding machine 7 on the transport rollers 12 along the same 5 
longitudinal seam'line but now from the outside. As the pipe 2 is being welded from 
the outside, it is cooled simultaneously by a cooling device 3 from the reverse side 
which is, in the embodiment illustrated, the inner side of the steel pipe 2. 

The cooling device 3 is shown in the enlarged view of Fig. 1(b) and comprises a 

10 boom 7 extending lengthwise of the transport line and fitted at the end with a 10 
cooling water tank 9 and a pump 70. The end of the boom 7 is also provided with a 
support roller 11 adapted to travel along the inner surface of the steel pipe, and a 
cooling water nozzle 8 directed towards the weld along the seam line. Cooling 
water may be supplied to nozzle 8 from a water pipe 5 connected to the external 

15 water source or by way of the tank 9 and the pump 70. The cooling water may be 15 
sprayed by the nozzle 8 towards the inside weld material at a predetermined flow 
rate by the controlled operation of the pump 70. The water pipe 5 and a power 
cable 4 such as wire for driving the pump 70 are passed through the boom 7 and 
extended to an external device including a water source and an electrical source, 

20 not shown. In Fig. 1(b), the numeral 6 denotes a leading electrode or wire and a 20 
trailing electrode or wire of the welding machine 7 mounted in a confronting 
relation with the cooling nozzle 8. The numeral 73 denotes a water pan for 
receiving the used water which flows down and is returned to the tank 9. The boom 
7 may be displaced lengthwise by a support device 14 for changing the portion of 

25 the nozzle relative to the pipe 2. 25 
The steel pipe 2, which has been welded along a longitudinal seam line on the 
inside may thus be welded on the outside along the same seam line as is fed in the 
direction of the arrow marks in Figs. 1(a) and 1(b) along the transport rollers 72. 
Simultaneously with outside welding, the cooling water is sprayed from the nozzle 8 

30 to the inside weld directly opposite to the welding electrodes. 30 
In Figs. 1(a) and 1(b), only one nozzle 8 is used for spraying cooling water to 
the reverse side of the outside weld. However, two or more nozzles may be 
provided in tandem along the seam line, and the cooling water may also be 
circulated forcibly for increasing the heat exchange capacity. Alternatively, 

35 cooling water may be replaced by liquid nitrogen, or a dry ice may be mounted in 35 
direct physical contact with the inside of the pipe for cooling. 

Reference is now made to Figs. 2(a) to 2(f) showing these various cooling 
modes that may be used with the submerged arc welding. 

Fig. 2(a) shows a single nozzle tf.being used for reverse side cooling as already 

40 explained with reference to Figs. 1(a) and 1(b). In Fig. 2(a), the upper view shows 40 
the weld in the transverse section and the Tower view shows the weld in the 
longitudinal section. In Fig. 2(a), the three dotted lines indicate drill holes bored 
from the end face of the test steel piece to the bead for insertion of thermocouples 
used for measuring the temperature as will be described. 

45 In Fig. 2(b), two nozzles 8 are placed in tandem along the seam line. By using 45 

the nozzles of the same size, the flow rate of the cooling water may be doubled with 
consequent increase in the rate of cooling. For example, if the flow rate isl2 liters 
per minute for a single nozzle, the flow rate will increase to 24 liters per minute with 
two nozzles shown in Fig. 2(b). In Fig. 2(c), three nozzles 8 are placed in tandem on 

50 the seam line for obtaining the flow rate of 36 liters per minute with a still faster 50 
rate of cooling. 

In Fig. 2(d), a compulsory circulating unit 75 such as tank and pump 70 shown 
in Fig. 1(b) is used for directing the cooling water under pressure to the three 
nozzles 8 for realizing a faster cooling rate by increasing the flow rate to, for 
55 instance, 45 liters per minute. 55 
In Fig. 2(e), there is shown a liquid nitrogen source, such as vessel 76, from 
which the liquid nitrogen is delivered to plural nozzles 18 mounted within a hood 
77. The liquid nitrogen may be sprayed from the nozzles 18 to the reverse side of 
the outside weld metal at a rate of, for instance, 400 kg per hour. 
60 In Fig. 2(0, an air hose 79 is dilated for applying a piece of dry ice 20 to the 60 

reverse side of the outer weld metal for cooling the weld. 

In Figs. 2(e) and 2(f), the three dotted lines indicate the mounting positions for 
thermocouples as in the case of Fig. 2(a). 

These various cooling modes for reverse side cooling may be selectively 
65 employed for cooling the weld of a steel pipe which has been welded on the inside 65 
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Test welding wires a. b used for the tests are shown in the following Table 2. 
Test wire a has a Ni-Mo-Ti alloy and the test wire b was free of any alloying agents. 



TABLE 2 Chemical Composition of Test Wires (%) 





dia 
(ram) 


C 


Si 


Ma 


P 


S 


Ni 


Mo 


Ti 


a 


4.0 


•03 


.17 


2.03 


.011 


.007 


.91 


.52 


.21 


b 


4,0 


.07 


.01 


.68 


.009 


,012 









Test fluxes X t Y used for the tests are shown in the following Table 3. The test 
5 flux X was weakly basic with basicity equal to 1.2 and the test flux Y was strongly 5 
basic with basicity equal to 1.6. 



TABLE 3 Chemical Composition of Test Fluxes (%) 





Si0 2 


CaO 


MnO 


MgO 


A1A 


CaF 2 


Zr0 2 


P 


S 


FeO 


X 


32 


20 


11 


8 


11 


13 


2.3 


.011 


.163 


.98 


Y 


28 


28 




19 


18 


2.2 




.022 


.222 


.22 



The welding wires and fluxes and other welding conditions are shown in the 
following Table 4 for the respective test pieces A to D. 

TABLE 4 Welding Condition! 



Steel 




Leading 


Trailing 


Elect- 
rode 
Space 


Speed 
mm/ min 


Heat 
Input 
J/cm 


wire 


Flux 


A 


V 


A 


V 


D 


Inside 


700 


36 


640 


40 


14 
mm 


1,250 


24,400 


a + a 


X 


Outside 


940 


38 


620 


40 


15 


1,000 


36,300 


a + a 


Y 


C 


Inside 


920 


36 


700 


40 


14 


850 


43,100 


b + a 


Y 


Outside 


960 


38 


700 


40 


15 


800 


48,400 


a + a 


Y 


B 


Inside 


940 


36 


700 


40 


14 


850 


43,700 


b + a 


Y 


Outside 


960 


38 


700 


40 


15 


800 


48,400 


a + a 


Y 


A 


Inside 


1,000 


38 


800 


40 


14 


700 


60,000 


a+a 


Y 


Outside 


1,050 


38 


900 


40 


15 


. 700 


65,100 


a+a 


Y 
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r.^f ^ arf angle for the inside and welds are 45° for the respective test pieces A 
to D. The depth of scarf was selected to one-third of thickness for each of the inside 
and outside welds for the respective test pieces A to D. 

In Figs. 3(a) and 3(b), the cooling time intervals necessary for cooling from the 
5 maximum temperature to 800°C and from 800»C to 500°C are shown for the cases 
of conventional welding with natural cooling and the welding associated with the 

!2 r 00hn Jl m ° deS : lt is Seen from Fi 8- 3 < a > that the c °o»ing time necessary for 
cooling from the maximum temperature to 800°C may be progressively reduced 
™, ,, U f ° f one *? d two nozzles as compared with spontaneous cooling. With three • 

10 "Of 1 ". the cooling time remains almost equal to that obtained with two nozzles 
3™f t s . om< 7 hat sh °rter cooling time may be attained by use of compulsory 
fZ™\T ° f ±e % oolm S™*<*- It is also seen from Fig. 3(b) that the cooling time 
interval necessary for cooling through the range of 800°C to 500°C may be reduced 
progressively with increase in the number of the nozzles and hence in the flow rate 

15 and that use of forced circulation of cooling water results in a cooling rate several i s 
times faster than in the case of spontaneous cooling. " 

ci«.« ,^ en fr0m Fig f- 3(a) and 3 ^ mat Ae use of U( l uid ^trogen or dry ice 

gives almost the same cooling rate as that attained with forced circulation with 

20 MPC Th ~ ( hhh 2S- 45 f or the temperature range from maximum to " 

aSihnt Jh tt 8 C00h r 8 eff S c £ pro ff I t0 liauid nitr °8 en and dr y ice, may be 20 
t0 Precoolmg of the weld by the liquid nitrogen prior to spraying 

foTh With°iS ?M 0r -, by the dr y, ice .P ri0 . r 10 the arc generatfon from the SdJfaf 
800-C to 50oWmS? en and d 5. y . ,Ce ' ^V 00 ing time necessary for cooling from 
k of th? iniS? w M b u COme much - ,ong , er L than m the ca se of water cooling blcause 

water exchange capacity of the liquid nitrogen or dry ice thin that of 25 

fnr JiS \ th f ? ool tng.time necessary for cooling from 800°C to 500°C is shown 

L H H- at m ^u f ° r th - e Steel P iece A for conventional welding and the 
inventive welding with the various cooling modes. The straight solid line in Fie 4 

BKSuSS v al . CUlat f d V ^ Ue f0r conven tional SAWwith natS coo fng 
The measured values for the cases of conventional welding and the inventive 
M°n«W.? w « er cooling with one nozzle are shown in Fig g 4 in the S of 
65,000 J/cm. while the measured values for the other cooling modes are shown in 
F,g. 4 for the heat input of 65,000 J/cm. In Fig. 4, the blanked marks represent the 
measured values at the intermediate portion of the test piece and the black marks 
represent the values measured at the outer surface of the test piece for respective 
cases where 1, 2 or 3 nozzles are used. It is seen from Fig. 4 that a rate of cooling 
almost three times faster than that with conventional welding may be obtained with 
the inventive welding with one nozzle. With increase in the number of the nozzles 
40 and hence in the flow rate of cooling water, a faster rate of cooling may be obtained an 
and, with forced circulation of cooling water with three nozzles (flow rate-45 
Ht/min.), the mean cooling rate may be elevated to 23°C/sec. As also seen from 
frig. 4, the rate of cooling at the intermediate zone is faster than that at the upper 
surface of the test piece as a result of the reverse side cooling. 
45 Fig. 5 shows typical cooling curves for the test pieces C which are subjected to a* 

the conventional cooling with natural cooling and the inventive welding with 
reverse side cooling. As seen from Fig. 5, the maximum cooling capacity may be 
obtained with forced circulation of cooling water with three nozzles fflow rate 45 
liters per minute). v ' 

50 ■i Thft i est ?. teel piece A was sub jected to a submerged arc welding pass on the sn 

inside under the conditions shown in Table 4 and then to a submerged arc welding 
on the outside white the inside of the pipe was cooled with water, nitrogen and dry 
ice according to the above-mentioned six cooling modes. Figs. 6(a) and 6(b) show 
the measured values of the weld toughness plotted against cooling time necessary 
55 for cooling from the maximum temperature to 800°C and from 800°C to 500°C « 
respectively. The toughness of the weld was measured three places, namely close to 
the outer surface of the weld, the intermediate portion and at close to the inner 
surface of the weld. The same wires a for the leading and trailing wires and the flux 
Y were used for forming the inside and outside weld metals of the weld 
60 As seen from Fig. 6(a), the shorter cooling time for the specified temperature fin 

range is effective to improve the toughness of the weld metal. As also seen from 
frig. 6(b), the shorter cooling time for the specified temperature range imparts 
higher toughness to the weld metal. The weld metal of the test piece A has 
presumably elevated hardenability and a substantially constant value of vE— 30°C 
= 127 to 136 ft-lb may be obtained at a mean cooling rate of 15°C per second g 5 
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and is being welded on the outside. . With such cooling, the formation of the 
(cooling time interval, 20 seconds) for the temperature range of 800°C to 500°C. 

The test steel piece B was also subjected to a submerged arc welding pass 
under the conditions shown in Table 4. The pipe thus formed was then seam welded 
5 at the outside by submerged arc welding while the inside weld was cooled in the 5 
abovementioned manner. 

Figs. 7(a) and 7(b) show the measured values of toughness of the weld metal 
against the cooling time intervals necessary for cooling through the specified 
ranges of temperature. 

10 In Figs. 7(a) and 7(b), the wires a and b and the flux Y were used for the inside 10 

welding and the same wires a with the flux Y were used for the outside welding. The 
weld toughness was measured at three positions, namely close to the outer surface 
of the weld, the intermediate portion and close to the inner surface of the weld. 
As seen from Figs. 7(a) and 7(b), the shorter the cooling time intervals for the 
15 specified ranges of temperature, the higher the toughness of the weld metal. 15 
Especially, the cooling time for the temperature range from 800°C to 500°C shown 
in Fig. 7(b) decidedly affects the toughness of the weld metal. In the present case, 
the compensating wires (leading wire a and trailing wire b) were used for inside 
welding to reduce the quenching effect that might be exerted on the inside weld at 
20 the time of the outside welding. When the test piece B manufactured by controlled 20 
rolling is subjected to the conventional welding, the Inside weld will be lowered in 
toughness compared to the outside weld or the transition zone between the outside 
and inside welds because of precipitation hardening caused by the precipitation of 
Nb and V from the parent metal and of Ti from the welding wires. In the case of the 
25 inventive welding with reverse side cooling, there is not sufficient time and 25 
temperature for these elements to precipitate and hence the zone of precipitation 
brittleness can be minimized. 

Thus, with the welding method of this invention, the need for using 
compensating wires may be eliminated because of the suppression of the 
30 precipitation hardening of the weld metal applied in the preceding pass. The 30 
toughness of the weld metal may be further improved by using the wires with high 
hardenability such as wires a for the leading and trailing wires. 

The results of similar tests conducted for the steeT plate C are shown In Figs. 
8(a) and 8(b). As seen from these Figures, the test results for the steel piece C are 
35 substantially the same as those for the steel pieces A and B. 35 
In Figs. 6 to 9 inclusive, the blanked circles represent the data as measured 
towards the outer surface, whereas the semi-blanked circles and the black circles 
represent the test data as measured with the thermocouples at the intermediate 
zones and towards the inner surface, respectively. 
40 When a thin steel piece of a lower grade is formed into a pipe by SAW with use 40 

of a conventional wire a, it may frequently occur that the weld metal obtained has 
not sufficient toughness. For this reason, it was proposed in the past to use a Ni- 
Mo-Ti wire and a flux added with MnO and Zr0 2 such as flux X shown in Table 3. 
Figs. 9(a) and 9(b) show the toughness against cooling time of the weld joint 
45 obtained by using the low-grade thin-walled test steel piece D and a combination of 45 
the conventional fluxes and wires. 

The steel piece D was formed into a pipe shape by submerged arc welding on 
the inside by using the same wires a for the leading and trailing wires and the flux X. 
The tube thus formed was then subjected to the submerged arc welding on the 
50 outside by using the same wires a+a and the flux Y while cooling the inside of the 50 
tube simultaneously. The toughness of weld metal was measured near the outer and 
inner surfaces and the intermediate portion with respect to the cooling time for the 
two ranges of cooling temperature. While no fixed relation may be observed to 
exist in Fig. 9(a) between the toughness of the weld metal and the cooling time 
55 above 800° C, it may be apparent from Fig, 9(b) that the shorter cooling time for the 55 
range of 800°C to 500° C is highly effective to improve the toughness of the weld. It 
may be seen from Fig. 9(b) that the toughness may be improved by about twice in 
terms of vE — 30° C and by about 40° C in terms of vTrs as compared with the case 
of using spontaneous cooling. 
60 In Figs. 10(a) and 10(b), the toughness of HAZ of a steel A pipe obtained by 60 

submerged arc welding under the welding conditions shown in Table 4 is plotted 
against cooling time. It may be seen from these Figures that the HAZ toughness 
may be improved with shorter cooling time for the both temperature ranges and, in 
the case of reverse side cooling from 800°C to 500°C within 14 seconds, the 
65 toughness may be improved by about twice in terms of vE — 30° C and by about 65 
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believed that promoted cooling through the temperature above 800°C results in 
reduced sizes of preaustenitic crystal grains and prevention of the enfeebled y grain 
boundary. It is also presumed that promoted cooling through 800°C to 500°C 
favors the formation of a highly tenacious lower bainite while preventing the 
5 formation of the upper bainite which may be detrimental from the viewpoint of 5 
toughness. 

Figs. 1 1(a) and 11(b) show similar results obtained with steel types B and C. 
With the type B, with faster cooling rates through the both temperature ranges, the 
HAZ will become increasingly tough. Above all, the cooling time through the range 

10 of 800°C to 500°C decidedly affects the toughness of HAZ. When the HAZ has 10 
been cooled in 12.5 seconds through said temperature range, the measured values 
of toughness may be improved by about 1.8 times in terms of vE — 30°C and by 
about 33°C in terms of vTrs as compared with the case of spontaneous cooling. 
With type C, the cooling time through 800°C to 500°C decidedly affects the 

15 toughness of the resulting HAZ. For example, when the latter has been cooled in 17 15 
seconds through said range, the values of toughness may be improved by about 1 .5 
times in terms of vE— 30°C and by about 38°C in terms of vTrs as compared with 
the case of spontaneous cooling. The similar results may be observed in Figs. 12(a) 
and 12(b) for the steel type D. While there is observed no fixed relation between 

20 the toughness and cooling time for the temperature range above 800°C, it may be 20 
seen from Fig. 1 1(b) that shorter cooling time required for cooling through 800°C 
to 500°C results in a markedly improved toughness in terms of vTrs. 

Figs. 13(a) and 13(b) show the effects of "the inventive reverse side cooling on 
the maximum hardness of the weld metal and HAZ of test pipes formed of the steel 

25 pieces, A, B and C. The test pipes were prepared by welding along a longitudinal 25 
joint line on the inside and then welding along the same joint line on the outside 
with simultaneous forced cooling from the side of the inner weld, as described in 
the foregoing. With these steel types, there is again no definite relation between the 
hardness and the cooling time through the temperature range above 800°C. 

30 However, as shown in Fig. 13(b), with shorter cooling time for the temperature 30 
range through 800°C to 500°C, the hardness of the weld zone maybe increased 
progressively until substantially constant values of Hv. max. 238 for weld metal and 
Hv. max. 260 for HAZ are attained for the steel type A. 

With the steel types B and C, as the cooling rate increases for the range of 

35 800°C to 500°C, the maximum hardness of the weld metal tends to decrease at the 35 
outset and then starts to increase at a slow rate while HAZ tends to increase 
gradually. With steel type B, the hardness of HAZ reaches the Hv. max. 258 at the 
mean cooling rate of 24°C per second for the range of 800°C to 500°C. The carbon 
equivalent Ceq of the steel type C is 0.368 which is lower than that of steel type B 

40 (0.385), and thus the hardenability of the steel C is lower than that of the steel B. 40 
This accounts for a somewhat lower value of the maximum hardness of the HAZ 
and weld metal of the steel type C than that of the steel type B. 

With the steel types B and C obtained by controlled rolling, the weld metal will 
be lowered in hardness with shorter reverse side cooling time for the temperature 

45 range from 800°C to 500°C, as discussed in the foregoing. Fig. 14 shows the 45 
hardness distribution in the direction of plate thickness of the inside and outside 
weld metals for the steel type B weld joint In general, with the conventional SAW 
followed by spontaneous cooling, designated as Conv. SAW in the drawing, the 
inner and outer surfaces and the portions adjacent thereto are softened by heating 

50 to approximately the fusing points and the elements such as Nb, Ti and V are 50 
turned into solid solution. On the other hand, the intermediate portion of the weld 
metal spaced about 2 mm from the inner and outer surfaces are heated to a range 
from 600°C to Ac point and hardened by precipitation of Ni, V and Ti in the form 
of carbides and nitrides. However, when the steel pipe welded on the outside is 

55 welded on the inside with simultaneous reverse side cooling designated as C. C. 55 
SAW in the drawing, the range of temperature and time necessary for precipitation 
of these elements will be limited thus the precipitation hardening may be 
suppressed with consequently lowered hardness in the inner zone. On the other 
hand, with increase in the rate of reverse side cooling, the outside weld is hardened, 

60 because the same wires a are used for the outside welding. Therefore, with the weld 60 
joint obtained by the inventive welding, the region of maximum hardness will be 
shifted from the comparable region of the weld obtained the conventional welding 
which is not accompanied by reverse side cooling. The HAZ hardness is increase 
with an elevated rate of reverse side cooling for the respective steel types as 

65 discussed in the foregoing, with the region of maximum hardness being situated at a 65 
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wire a, the inside surface zone of the weld metal obtained by the inventive welding 
is more tenacious than the intermediate and outside surface zones, whereas the 
intermediate zone of the weld metal obtained by the inventive welding with use of 
tne same wire a for both the leading and trailing wires is almost as tenacious as the 
remaining zone Fig. 22 shows the hardness of the weld plotted against distance 
from outside surface of the weld, with the partition line between the outside and 
inside weld being disposed at about 1 3 mm from the outside surface. The test piece 
was steel C and the dotted and solid lines represent the curves obtained with 
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conventional welding and with the inventive welding with two nozzles, respectively 
10 It may be presumed that the inside weld obtained by using the compensating wires 
(wires a and b) i is lowered in hardness because its hardening process is affected 
adversely by the reverse side cooling and also the precipitation hardening is 
hereby from occurring. As seen from Fig. 22, with use of the same wires 
a tor both the leading and trailing wires, uniform distribution of hardness may be 
attained in the direction of the plate thickness. It is believed that precipitation 
hardening in the vicinity of the inside surface of the weld is suppressed by reverse 

SS-SSST 8 ^ Ue . ? e ? side Surf L ace is slightl y haf dened by the cooling thus 
mparting sufficient toughness to the zone close to the inside surface. Thus with 
the inventive welding with reverse side cooling, if the same wires a are used for the 
20 ' ead,n S 3,1(1 failing wires on the occasion of the inside welding, the weld metal may 20 
be made uniformly tough along its thickness. In this way, uniform hardness may 
also be attained along the plate thickness because of suppression of the 
precipitation hardening which might otherwise occur at near the inside surface 
r a rt fore S° ,n f> the inside weld is formed previously on a tube and the outside 
25 ot the tube is welded simultaneously with cooling at the inside. It is however 25 
possible to weld at the outside of the pipe and then to weld at the inside thereof 
™ c °° Ln 2 simultaneously at the outside. Therefore one side welding is effected 

following sSonTpaT^ Welding With concurrent coolin « is ™ a 

30 Although the present invention has been described for the case of submerged 30 

arc welding with two electrodes, it can be applied to the case of gas shielded 
welding. However, since the submerged arc welding is usually associated with the 
lower rate of cooling the present invention may be applied with particular 
SuKSj'.^ CaSC °I on . e -R ass submerged arc welding of a large-diameter thick- 
35 walled steel tubing on the inside and outside with use of two or more electrodes. 35 

WHAT WE CLAIM IS:— 

1 . A method of arc welding a steel pipe formed by a steel plate bent into pipe 
shape with abutting ends, said method comprising welding a seam at the abutting 
ends by forming bead layers on opposite sides of a weld zone during successive first 

40 and second passes, and effecting me formation of the bead layer of the weld zone ^ 
during the second pass while effecting forced cooling of the weld zone from the 
reverse side simultaneously, the forced cooling being effected to cool the weld 
from the weld temperature to 800°C within 1 1 seconds and from 800°C to 500°C at 
a cooling rate of 8— 40° C per second. 

45 th r " m . e j. hod 35 claimed in Clai m 1 wherein the bead layer of the weld zone in 4 c 
the first welding pass is effected by submerged arc welding using front and rear Ni- 5 
Mo-Ti electrode wires. 

3. A method as claimed in Claim 1 or Claim 2 wherein the forced cooling is 

50 SS^lSg SSfig™ P " ^ *» ° f the We,§ is 

4. The method as claimed in any preceding Claim wherein water is used as 
cooling medium. 

5. The method as claimed in any of Claims 1 to 3 wherein liquid nitrogen is 
used as cooling medium. 

55 cooling T medium ° d " Claimed in any of Claims 1 to 3 wherein the dry ice is used as 55 

7. A method as claimed in Claim 1 and substantially, as hereinbefore described 

8. Steel pipe when arc welded by a method as claimed in any of the preceding 
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Claims. 
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